Effects of growth temperature and irradiance on nitrogen partitioning among photosynthetic components were studied. Plantago asiatica was grown under different temperature and light conditions. Growth conditions were regulated such that the Chl a/b ratio in leaves grown at a low temperature with a low irradiance was similar to that in leaves grown at a high temperature with a high irradiance, suggesting that the balance between acquisition and utilization of light energy in the photosynthetic apparatus was similar between the two growth conditions. When plotted against the leaf nitrogen content, the RuBP (ribulose-1,5-bisphosphate) carboxylase content did not significantly differ depending on growth conditions. Both high irradiance and low temperature decreased nitrogen partitioning to Chl-protein complexes. Low temperature increased nitrogen allocation to stroma FBPase (fructose-1,6-phosphatase) irrespective of growth irradiance. Gas exchange measurement indicated that the ratio of the electron transport (J max ) to the maximum carboxylation rate (V cmax ) was not affected by growth irradiance but by growth temperature. It is concluded that nitrogen partitioning between acquisition and utilization of light energy responds to both growth temperature and irradiance, while nitrogen partitioning between carboxylation and regeneration of RuBP responds only to growth temperature.
Introduction
From the viewpoint of energy conversion, the photosynthetic apparatus can be divided into two functions: acquisition and utilization of light energy. Chl-protein complexes absorb light energy and convert it to the excitation energy (light acquisition). This excitation energy is utilized for carbon fixation through electron transport, ATP synthesis and the Calvin cycle (light utilization). Similar differentiation is also found within Chl-protein complexes. Light-harvesting complexes (LHCs) absorb light energy, which is utilized for photochemistry in the core complex of the photosystem. The relative amount of core complex to LHC can be assessed as the Chl a/b ratio (Boardman 1977) .
With a short-term increase in photon flux density (PFD), light acquisition increases whereas light utilization is less affected. To maintain the balance between acquisition and utilization of light energy, leaves grown at a higher irradiance have higher amounts of components of light utilization, such as cytochrome f, ATP synthase, ribulose-1,5-bisphosphate carboxylase (RuBPCase) and other Calvin cycle enzymes, and lower amounts of Chl (Boardman 1977 , Chow and Anderson 1987 , Evans 1987 , Terashima and Evans 1988 , Hikosaka 1996 , Hikosaka and Terashima 1996 , Makino et al. 1997 ). The Chl a/ b ratio also increases with increasing growth irradiance. These changes may have two advantages. One is avoidance of photooxidative stress: if absorbed energy is neither utilized by carbon fixation nor safely dissipated as heat, the excess energy may be harmful for the photosynthetic apparatus (Osmond 1994 , Huner et al. 1998 , Kato et al. 2003 . Increased capacity of carbon fixation contributes to reduction in the excess energy (Osmond 1994) . The other is related to nitrogen use. Nitrogen is an important constituent of proteins and is an element limiting plant growth in many ecosystems (Aerts and Chapin 2000) . Nitrogen reallocation from non-limiting to limiting processes contributes to efficient use of nitrogen in the photosynthetic apparatus (Evans 1989 , Hikosaka and Terashima 1995 , Hikosaka 2004 .
Similar logic can be applied to temperature acclimation , Huner et al. 1998 , Savitch et al. 2000 . Since enzyme activities are sensitive to temperature, a reduction in temperature lowers light utilization, whereas light absorption is less affected by temperature. Thus low temperature increases the excess in absorbed energy (Tsonev and Hikosaka 2003) , as high PFD does. In response to a reduction in growth temperature, the photosynthetic apparatus shows an acclimation that is similar to the acclimation to high irradi-ance, e.g. increases in the ratios of Chl a/b and RuBPCase/Chl (Holaday et al. 1992 , Steffen et al. 1995 , Huner et al. 1998 , Strand et al. 1999 . Plants may detect the imbalance between absorption and utilization as the excitation pressure in PSII, leading to a similar response in the photosynthetic acclimation between low temperature and high irradiance (Huner et al. 1998) .
It has been suggested that other factors contribute to the balancing of photosynthetic activities in temperature acclimation. Photosynthetic rates at saturating PFD are potentially limited either by carboxylation or by regeneration of RuBP (Farquhar et al. 1980 ). These two processes have different temperature dependences from each other. In general, the RuBPlimited photosynthetic rate strongly decreases with decreasing temperature, whereas the RuBP-saturated (carboxylation-limited) rate of photosynthesis is less sensitive (Kirschbaum and Farquhar 1984, Hikosaka et al. 1999) . This implies that an optimal balance between the two processes is different depending on growth temperature: at a low temperature, plants should allocate more nitrogen to components responsible for RuBP regeneration than to RuBPCase von Caemmerer 1982, Hikosaka 1997) . Hikosaka et al. (1999) studied temperature acclimation in Quercus myrsinaefolia, an evergreen tree. Gas exchange measurements suggested that, as expected, leaves grown at a low temperature had a higher ratio of RuBP regeneration to RuBP carboxylation capacity than those grown at a high temperature. However, it is unclear whether the change in the balance between regeneration and carboxylation of RuBP is ascribed to the change in nitrogen partitioning in the photosynthetic apparatus.
The aim of the present study was to evaluate nitrogen partitioning in the photosynthetic apparatus of leaves acclimated to different temperature and light regimes. I focused on the similarity and difference in nitrogen use in the photosynthetic apparatus between light and temperature acclimation. As mentioned above, it has been believed that balancing acquisition and utilization of light energy is similarly affected by high temperature and low irradiance. However, it is not expected to be the case for balancing carboxylation and regeneration of RuBP. In the present study, growth conditions were regulated such that the Chl a/b ratio in leaves grown at a low temperature with a low PFD was similar to that in leaves grown at a high temperature with a high PFD. Thus the balance between acquisition and utilization of light was presumed to be similar between these leaves. This enabled the assessment of whether or not factors other than balance between acquisition and utilization of light are responsible for temperature acclimation.
Results
Plantago asiatica was grown at low (LT) or high (HT) temperature with low (LL) or high (HL) light. Three combinations were used: LT-HL, LT-LL and HT-HL. In each condition, P. asiatica could produce new leaves and set seeds. Growth conditions were regulated such that LT-LL and HT-HL leaves had a similar value of the Chl a/b ratio, 3.7 mol mol -1 , which was not significantly different between the leaves (Table 1) . LT-HL leaves had a significantly higher Chl a/b ratio (4.0 mol mol -1 ) than LT-LL and HT-HL leaves. Table 1 shows the content of photosynthetic components. Chl, RuBPCase and stroma fructose-1,6-bisphosphatase (FBPase) were determined as the limiting step of light acqusition, RuBP carboxylation, and RuBP regeneration, respectively. The Chl content per unit area was not significantly different among the three conditions. LT-HL leaves had a significantly higher nitrogen content (N area ), RuBPCase content and FBPase activity per unit leaf area than LT-LL and HT-HL leaves. LT-HL leaves also had the highest ratios of RuBPCase/ Chl, FBPase/Chl and FBPase/RuBPCase. N area , RuBPCase content and RuBPCase/Chl ratio were similar between LT-LL and (Sokal and Rohlf 1981) with the Tukey-Kramer test (P < 0.05). n > 7.
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Chl a/b ratio 4.03 ± 0.13 HT-HL leaves. However, LT-LL leaves had significantly higher FBPase activity and FBPase/RuBPCase ratios than HT-HL leaves. Fig. 1 shows the content of photosynthetic components as a function of N area to assess nitrogen partitioning among photosynthetic components. Photosynthetic components tended to be significantly related to N area (see Table 2 for regression coefficients). The Chl content as a function of N area was not significantly different between LT-LL and HT-HL leaves, but was significantly lower in LT-HL leaves (Fig. 1a) . The relationship between RuBPCase content and N area was not significantly different among the three conditions (Fig. 1b) . The FBPase activity as a function of N area was not significantly different between LT-grown leaves, but was significantly lower in HT-HL leaves (Fig. 1c) .
At 15°C, the photosynthetic rate at an ambient CO 2 partial pressure (37 Pa) was highest in LT-HL leaves and not significantly different between LT-LL and HT-HL leaves (Table  3) . At 30°C, the photosynthetic rate was not significantly different between LT-HL and HL-HL leaves and was lowest in LT-LL leaves (Table 3 ). Fig. 2 shows examples of CO 2 dependence curves of photosynthesis determined at 15 (Fig. 2a ) and 30°C ( Fig. 2b ). At 15°C, the initial slope and maximum rate of photosynthesis at high C i (intercellular CO 2 partial pressure) was highest in LT-HL leaves. LT-LL leaves had the lowest initial slope but their maximum rate at high C i was comparable to that of HT-HL leaves. At 30°C, LT-HL leaves had the highest rates at any C i . The initial slope was slightly higher in HT-HL leaves than in LT-LL leaves, but the inverse was the case for the maximum rate at high C i . Fig. 3 shows V cmax (the maximal velocity of RuBP carboxylation) and J max (the maximum rate of electron transport) as a function of N area . Both V cmax and J max tended to increase with N area (Table 4) . When determined at 30°C, the V cmax -N area relationship was similar between LT-HL and HT-HL leaves (Fig. 3d ), but J max at a constant N area was higher in LT-HL than in HT-HL leaves (Fig.  3b) . These results indicate that HT-HL leaves had a comparable V cmax but a lower J max than LT-HL leaves. When determined at 15°C, J max was much lower in HT-HL than in LT-HL leaves (Fig. 3a) . V cmax was also lower in HT-HL than in LT-HL leaves, but the difference was smaller than that in J max (Fig.  3a, c) . At both temperatures, LT-LL leaves had a lower V cmax and J max than LT-HL leaves. Fig. 4a and b shows J max as a function of V cmax . At both temperatures, the relationship between J max and V cmax was similar between LT leaves but HT-HL leaves had a lower J max at a given V cmax , though the difference was smaller at 15°C. A similar tendency was observed in the FBPase-RuBPCase relationship (Fig. 4c) .
Discussion
Nitrogen partitioning in the photosynthetic apparatus was affected both by growth irradiance and by growth temperature. High growth temperature increased nitrogen allocation to Chlprotein complexes, as low irradiance did (Fig. 1a) . This is consistent with previous studies (Holaday et al. 1992 , Steffen et al. 1995 , Huner et al. 1998 , Strand et al. 1999 , Muller et al. 2005 . The increase in Fig. 1 The content of chlorophyll (chl; a) and ribulose-1,5-bisphosphate carboxylase (RuBPCase; b) and the activity of fructose-1,6-bisphosphatase (FBPase; c) as a function of nitrogen content per unit leaf area. Growth conditions: low temperature and low irradiance (filled square), low temperature and high irradiance (filled circle) and high temperature and high irradiance (open circle). See Table 2 for regression analyses of the data.
nitrogen allocation to Chl-protein complexes may be a compensatory response for balancing light absorption and utilization under the condition in which the capacity of light absorption is lowered relative to that of light utilization. The change in the nitrogen allocation also contributes to efficient use of nitrogen. It has been predicted that, with respect to maximization of daily carbon gain per unit leaf nitrogen, optimal nitrogen partitioning to Chl-protein complexes increases with decreasing growth irradiance (Hikosaka and Terashima 1995) and with increasing growth temperature (Hikosaka 1997) .
LT leaves had a higher FBPase activity than HT leaves at a constant N area (Fig. 1c) . Furthermore, LT leaves had a higher Contents per unit leaf area are shown except for FBPase expressed as the total activity per unit leaf area. LT-HL, low temperature and high light; LT-LL, low temperature and low light; HT-HL, high temperature and high light. Plots are shown in Fig. 1 . Different superscript letters indicate a significant difference tested by analysis of covariance (Sokal and Rohlf 1981) with the sequential Bonferroni test (α < 0.05). The difference between intercepts was tested with a common slope (Sokal and Rohlf 1981) . ***P < 0.001; **P < 0.01; *P < 0.05; † P < 0.1; NS, P > 0.1. The RuBP-limited rate (P j ) and the RuBP-saturated rate (P c ) of photosynthesis at 30 Pa C i (µmol m -2 s -1 ) were calculated using obtained values of the maximum rate of electron transport (J max ) and of carboxylation (V cmax ) with Equations 1 and 2 (see Materials and Methods). Means ± SD are shown. LT-HL, low temperature and high light; LT-LL, low temperature and low light; HT-HL, high temperature and high light. Different superscript letters indicate a significant difference tested by analysis of variance (Sokal and Rohlf 1981) with the Tukey-Kramer test (P < 0.05). n > 7. (Fig. 4) . These results suggest that LT leaves invested more nitrogen in components related to RuBP regeneration. As the RuBP-limited rate of photosynthesis is more temperature dependent than the RuBP-saturated rate between 15 and 30°C (Kirschbaum and Farquhar 1984, Hikosaka et al. 1999) , increased allocation of nitrogen to the RuBP regeneration process may contribute to maintaining photosynthetic rates at low temperatures. This is also consistent with the prediction of the theoretical model for nitrogen partitioning in the photosynthetic apparatus (Hikosaka 1997) .
Dependent
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To evaluate the effect of changes in nitrogen partitioning on photosynthetic rates, I calculated a potential of the RuBPlimited (P j ) and -saturated (P c ) rate of photosynthesis at an ambient CO 2 partial pressure, according to Equations 1 and 2 (Table 3 ; see Materials and Methods). Note that the estimated photosynthetic rates are slightly different from the measured values, because a constant C i value was used though it varied among growth conditions (Table 3) , and because the estimated values are the gross photosynthetic rate (net photosynthesis plus respiration in the light). In each treatment, a decrease in measurement temperature decreased the P j /P c ratio, due to P j being more sensitive to temperature than P c . At both measurement temperatures, LT leaves had a higher P j /P c ratio than HT leaves (Table 3) . Interestingly, every leaf had a similar P j /P c ratio at the growth temperature (1.17-1.23). This is a similar result to that of Q. myrsinaefolia, which had a P j /P c ratio of approximately 1.3 at growth temperature (Hikosaka et al. 1999) . These results suggest that leaves regulate the balance between carboxylation and regeneration of RuBP to maintain the P j /P c ratio constant at the growth temperature. Fig. 2 Examples of CO 2 dependence of photosynthetic rates. Data from three leaves are pooled for each growth condition. Symbols are as in Fig. 1 . Fig. 4 The maximum electron transport rate (J max ) as a function of the maximum carboxylation rate (V cmax ) per unit leaf area determined at 15°C (a) and 30°C (b). The activity of fructose-1,6-bisphosphatase (FBPase) as a function of the content of ribulose-1,5-bisphosphate carboxylase (RuBPCase) (c). Symbols are as in Fig. 1 . Table 4 for regression analyses of the data. Makino et al. (1994) studied nitrogen partitioning in rice leaves grown at three temperatures. Nitrogen partitioning was not different between leaves grown at 23°C and those grown at 30°C, but leaves grown at 18°C had a relatively lower amount of cytochrome f and coupling factor and a higher activity of cytosolic FBPase and sucrose phosphate synthase. However, these changes were not reflected in gas exchange characteristics. Since rice originates in tropical regions and is a chillingsensitive crop (Makino et al. 1994) , the alteration in nitrogen partitioning may be a result of low temperature stress rather than adaptive acclimation. In contrast, P. asiatica plants can survive, grow and set seeds at both 15 and 30°C, suggesting that they adaptively acclimated to the growth conditions used in the present study.
As a result of different nitrogen partitioning, the relationship between J max and V cmax differed between LT and HT leaves (Fig. 4) . This seems to contradict the literature survey of Wullschleger (1993) showing that J max is correlated with V cmax across 109 species. However, there was a 2-fold variation in J max at a constant V cmax in his data set, which is larger than the variation observed in the present study. Changes in the J max -V cmax relationship depending on temperature acclimation might be masked by the large variation in the data set.
The J max -V cmax relationship has been found to change in Q. myrsinaefolia (evergreen broad-leaved tree) grown at different temperatures (Hikosaka et al. 1999) , spinach (Spinacia oleracea) grown at different temperatures (Yamori et al. 2005) , Polygonum cuspidatum (perennial herb) grown at different seasons (Onoda et al. 2005a ) and several tree species in a temperate deciduous forest (Wilson et al. 2000) . However, growth temperature or seasonal change did not affect the relationship in Pinus pinaster (evergreen conifer, Medlyn et al. 2002a) , Fugus crenata (deciduous tree, Onoda et al. 2005b ) and several annual species (Bunce 2000) . These facts suggest that plasticity in the J max -V cmax relationship differs among species. Hikosaka (1997) predicted that optimal nitrogen partitioning between RuBP carboxylation and regeneration should not change if temperature dependence is similar between the RuBP-limited and -saturated rate, because changes in nitrogen partitioning do not improve photosynthetic rates at different temperatures. This may explain the interspecific difference in the plasticity of the J max -V cmax relationship. Actually, it has been suggested that temperature dependence of the RuBP-saturated rate of photosynthesis differs among species (Leuning 2002 , Medlyn et al. 2002b . Recently, Onoda et al. (2005b) found that Polygonum cuspidatum had a higher J max /V cmax ratio in the cool than in the warm season, while Fagus crenata did not show such change. The two species had a similar temperature dependence of V cmax , but P. cuspidatum had a higher temperature dependence of J max than F. crenata. Simulation analysis indicated that the increase in the J max /V cmax ratio at low growth temperatures relieved the limitation of RuBP regeneration on the photosynthetic rate in P. cuspidatum, but that such a change in the J max /V cmax ratio would not improve the photosynthetic rate in F. crenata, which is consistent with the prediction of Hikosaka (1997) . Table 4 Regression coefficients of relationships between photosynthetic activities and nitrogen in leaves grown under different temperature and light conditions LT-HL, low temperature and high light; LT-LL, low temperature and low light; HT-HL, high temperature and high light. Plots are shown in Fig.  3 . J max , maximum rate of electron transport; V cmax , maximum rate of carboxylation. Different superscript letters indicate significant difference tested by analysis of covariance (Sokal and Rohlf 1981) with the sequential Bonferroni test (α < 0.05, Rice 1989) . Difference between intercepts was tested with a common slope (Sokal and Rohlf 1981) . n > 7. ***P < 0.001; **P < 0.01; *P < 0.05; † P < 0.1; NS P > 0.1. It has been shown that changes in temperature dependence of V cmax are involved in temperature acclimation of photosynthesis (Ferrar et al. 1989 , Hikosaka et al. 1999 , Bunce 2000 , Medlyn et al. 2002a . In the present study, when compared at a constant N area , V cmax in HT-HL leaves was similar at 30°C but significantly lower at 15°C than that in LT-HL leaves (Fig. 3c,  d ), which suggests that changes in the temperature dependence of V cmax are mainly ascribed to a reduction in the RuBPCase activity in HT leaves at low temperatures. This result is somewhat different from some previous studies showing that the RuBPCase activity at high temperatures is lower in LT than in HT leaves (Makino et al. 1994, Salvucci and Crafts-Brandner 2004) . It may partly be explained by the fact that the high temperature used in the present study (30°C) was not enough to cause thermal reduction in the RuBPCase activity. On the other hand, reduction in the RuBPCase activity of HT leaves at low temperature seems not to have been reported previously. Modification and/or activation state of RuBPCase may be involved in the reduction.
Dependent
When compared at a constant N area , LT-LL leaves had a lower J max and V cmax (Fig. 3) . This is inconsistent with the general knowledge that J max and V cmax are correlated with N area irrespective of growth irradiance (e.g. Makino et al. 1997) . LT-LL leaves might be photoinhibited during photosynthetic measurements. Hikosaka et al. (2004) reported that J max and V cmax similarly decreased with photoinhibition.
In conclusion, there were similarities and differences between light and temperature acclimation in nitrogen partitioning in the photosynthetic apparatus. Nitrogen allocation to Chl-protein complexes was similar between acclimation to low temperature and that to high irradiance. The balance between carboxylation and regeneration of RuBP was constant in light acclimation but changed in temperature acclimation. Plantago asiatica may regulate the balance to maintain the P j /P c ratio constant at the growth temperature.
Materials and Methods
Sixteen individuals of P. asiatica, a perennial herb, were collected in a sunny area in the Kawauchi campus of Tohoku University, Sendai, Japan. They were transplanted to a 1.5 liters pot filled with washed river sand and grown in growth cabinets. A 100 ml aliquot of the commercial nutrient solution (Hyponex, N : P : K = 6 : 10 : 5, Murakami-Bussan, Kamigori, Japan) that contained 35 mM N was supplied every week. Relative humidity was 80%. Air temperature was 15°C (LT) or 30°C (HT) throughout a day. Light (14 h/10 h day/night) was provided by fluorescent lamps (50 µmol m -2 s -1 ) for all the treatments, and plus by halogen lamps (400 µmol m -2 s -1 ) for 4 h only for the high PFD treatment (HL). At the end of daytime, all plants received only fluorescent light to avoid phytochrome-mediated effects. Three combinations were used: LT-LL, LT-HL and HT-HL conditions.
Leaves emerging after transfer to the target temperature were used for photosynthetic measurements. Several leaves with different ages were used for each plant to obtain variation in the leaf nitrogen content. All the leaves were horizontally oriented and not shaded by other leaves. CO 2 dependence of photosynthetic rates at a saturating PFD (2,000 µmol m -2 s -1 ) was obtained with an open gas-exchange system (Li-6400, LiCor Inc., Lincoln, NE, USA) with an artificial light source (6400-02B, LiCor Inc.). The vapor pressure deficit was kept at <1 kPa for 15°C and <2 kPa for 30°C. The CO 2 response curve was fitted with the model of Farquhar et al. (1980) . When RuBP is saturating (low CO 2 concentration), the photosynthetic rate (P c ) is expressed as:
( 1) where V cmax is the maximal velocity of RuBP carboxylation, K c and K o are the Michaelis constant of RuBPCase to CO 2 and O 2 , respectively, C i and O are the partial pressure of CO 2 and O 2 in the intercellular space, respectively, R d is the respiratory rate in the light, and Γ* is the CO 2 compensation point in the absence of R d . When RuBP regeneration limits photosynthesis (high CO 2 concentration), the photosynthetic rate (P j ) is expressed as: (2) where J max is the maximum rate of electron transport. We applied 11.8 (15°C) and 45.4 (30°C) Pa for K c , 9.54 (15°C) and 20.1 (30°C) kPa for K o , and 2.83 (15°C) and 5.15 (30°C) Pa for Γ* (Harley and Tenhunen 1991) . Fitting was performed with the software Kaleidagraph (Synergy Software, Reading, PA, USA).
Leaf discs (1 cm diameter) were punched out from leaves. Chlorophyll was extracted from a disc with dimethylformamide and the concentration was determined according to Porra et al. (1989) with a spectrophotometer (UV-160, Shimadzu, Kyoto). Nitrogen content was determined for three discs with an NC analyzer (NC-80, Shimadzu). Other discs were stored at -80°C until biochemical measurements. The content of RuBPCase was determined by the method of Hikosaka et al. (1998) . The total activity of stroma FBPase was determined as the rate of NADP + reduction at 30°C according to Holaday et al. (1992) . FBPase was studied as one of limiting steps in RuBP regeneration (Badger et al. 1982) . --------------------------------------------- 
